Hepatitis B virus (HBV) infection is a challenging public health problem in China and worldwide. Mother-to-child transmission is one of the main transmission routes of HBV in highly endemic regions. However, the mechanisms of HBV perinatal transmission in children have not been clearly defined. The aim of this study was to demonstrate the association between single-nucleotide polymorphisms (SNPs) in IFN-c signaling pathway and HBV infection or breakthrough infection in children. Two hundred and seventy-four HBV-infected children defined as test positive for hepatitis B surface antigen (HBsAg) and 353 controls defined as negative for HBsAg in China were recruited from October 2013 to May 2015. SNPs in IFN-c signaling pathway including IFNG, IFNGR1, IFNGR2, and IL12B were genotyped. Rs2234711 in IFNGR1 was significantly associated with HBV infection in children (OR � 0.641, 95% CI: 0.450-0.913). In addition, rs2234711 was also significantly associated with HBV breakthrough infection in children born to HBsAg-positive mothers (OR � 0.452, 95% CI: 0.205-0.998). Our study confirmed that genetic variants in IFN-c signaling pathway have significant associations with HBV infection, especially with HBV breakthrough in children. This study provides insight into HBV infection in children and could be used to help design effective strategies for reducing immunoprophylaxis failure.
Background
Hepatitis B virus (HBV) infection is a major cause of acute and chronic liver disease, accounting for high morbidity and mortality of liver-associated disease worldwide [1] . Globally, approximately 2 billion people have serological evidence of HBV infection, leading to development of chronic infection in an estimated 257 million people and 887000 deaths in 2015 [2] . The initial age of HBV exposure is strongly associated with the possibility of developing chronic HBV infection (CHB). When infants are infected with HBV within 1 year after birth, 80-90% of them develop persistent infection. Before 6 years of age, 30-50% of infected children develop chronic HBV infection. For older children and adults infected with HBV, a lower rate (5-10%) of chronicity is observed [3] . A quarter of patients with CHB will progressively develop cirrhosis, liver failure, and/or hepatocellular carcinoma [4] .
Vertical transmission is the main route of HBV transmission and contributes significantly to chronic HBV infection [5] . The burden of HBV infection in China is still the highest in the world, with one-third of CHB patient worldwide residing in China [2] . In China, an estimated 2 million HBV-infected women give birth every year, and 80-90% of these babies may develop chronic hepatitis B without intervention [6, 7] . Most of the vertical transmission of HBV occurs during birth or perinatal period [8] . Hepatitis B (HB) vaccine has been accessible since the early 1980s. To increase the coverage rate of HB vaccine, the government of China has vaccinated all infants with recombinant HB vaccine free of charge since 2002. Because the newborns have inoculated hepatitis B immunoglobulin (HBIG) and HBV vaccine with a three-dose series on a 0-, 1-, and 6-month schedule soon after birth, the rate of mother-to-infant transmission has been dramatically decreased [9, 10] . However, mother-to-infant transmission of HBV still fails to be completely prevented [11] . It was reported that nearly 10% of the children born to HBsAg and hepatitis B e antigen (HBeAg)-positive mothers did not achieve protective antibody levels and ultimately develop chronic hepatitis B (CHB) infection [12] .
HBV infection is generally attributed to immunological factors, viral factors, environmental factors, and host genetic factors. A number of studies have identified the associations between polymorphisms in candidate genes and the outcomes of the HBV-infected disease [13, 14] . Interferon (IFN) family is a group of representative cytokines that elicit host innate immune responses against viral infections. Among three categories of interferon, type I (α, β, ω and τ), type II (c), and type III (λ), interferon gamma (IFNG) has been identified as an important modulator of immune-related genes, including interferon gamma receptors (IFNGRs) [15, 16] . IFNGRs are required for IFNG to exert their biological functions and therefore play a very important role in IFN-c signaling pathway [17, 18] . IFNGRs have two subunits, IFNGR1 and IFNGR2. IL12B is a potent IFN-c inducing cytokine secreted by phagocytes and dendritic cells. Mutations in IL12B have been suggested to result in impaired IFN-c production [19] . Some studies on the IFN-c signaling pathway have examined the relationship between genetic variation and HBV infection. For example, IFN-c + 874 and IFNGR1 (− 56 and − 611) have been identified as candidate genetic markers for determining susceptibility to the development of chronic hepatitis B in adults [20] . It was also reported that IL12B promoter heterozygosity (L/S) was associated with nonresponsiveness to HBV vaccination [21] .
However, whether the genetic variation of IFN-c signaling pathway gene affects the outcome of HBV infection and breakthrough infection in children still remains unknown. In this study, we designed a case-control study to explore the association between single-nucleotide polymorphisms (SNPs) in IFN-c signaling pathway genes and HBV infection or breakthrough infection in children.
Materials and Methods

Study Participants.
This study was designed as an analytical observational case-control study consisting of 274 cases (HBsAg positive) and 353 controls (HBsAg negative). All participants were unrelated ethnic Chinese between the ages of 6 months and 12 years, and consecutively recruited from October 2013 and May 2015 at the hospital of Chongqing medical university and health center for women and children in Chongqing. The study design has been described elsewhere [22] . The required sample size was calculated by QUANTO software [23] . Diseased children were enrolled if they were HBsAg positive for over 6 months, regardless of their alanine aminotransferase (ALT) levels, HBV DNA levels, or HBeAg status. Control children were recruited if they were HBsAg negative and had normal serum ALT levels. Subjects with other liver diseases or autoimmune diseases were excluded. Blood samples from children and their mothers (taken from arm venipuncture or scalp vein) were collected into tubes without any anticoagulant and stored at − 80°C for further experimentation. Blood cells and sera were separated. Written informed consent was obtained from all parents or legal guardians of children involved in the study. This study was approved by the Ethics in Research Committee of Chongqing Medical University in Chongqing, China.
Target Genes and SNP Selection.
A total of 4 genes belonging to the IFN-c signaling pathway were selected as target genes. These genes included receptors for IFNs (IFNGR1, IFNGR2, and IL12B) and ligands for IFN receptors (IFNG). A total of 5 tagging SNPs located in the 4 genes were selected from the genotyped SNPs in the Chinese Han population of the Hap-Map project (the Phase II database) using the pairwise tagging method in Haploview 4.2 and further selected according to the literature. The selected SNPs met the following inclusion criteria: (1) minor allele frequency (MAF) ≥0.1 in Chinese Han population and (2) Hardy-Weinberg equilibrium (HWE) test with P value ≥ 0.05. These were IFNGR1 rs3799488 and rs2234711, IFNGR2 rs1059293, IL12B rs3212227, and IFNG rs1861494. The selected 5 SNPs have been reported to be associated with adult CHB or other diseases related to immune regulation. The basic information of these SNPs is demonstrated in Table 1. 2.3. Serological Assays. HBV markers (HBsAg, anti-HBs, HBeAg, anti-HBe, and anti-HBc) were detected by enzymelinked immunosorbent assay (ELISA) in this study. Diagnostic kits were purchased from Shanghai Kehua Bioengineering Technology Company, Limited (Shanghai, China).
DNA Extraction.
Human genomic DNA was isolated from EDTA noncoagulated blood samples using BioTeke DP6101 kit (BiotTeke corporation, Beijing, China). The DNA concentration was measured by Nanodrop2000c spectrophotometer (Thermo Scientific, DE). The eluted DNA was stored at − 80°C for future experimentation.
2.5. SNP Genotyping. SNP genotyping was performed using the mass array time-of-flight mass spectrometer (Sequenom Company, USA) technique. Polymerase chain reaction (PCR) and extension primers were designed by the Mass ARRAY Assay Design 3.1 software (Sequenom Company, USA). The genotyping procedures were performed using the manufacturer's iPLEX Application Guide (Sequenom Company, USA). The PCR program for amplification conditions was 94°C, 15 min; 45 cycles × (94°C, 20 s; 56°C, 30 s; 72°C, 1 min); 72°C, 5 min. All the genotyping reactions were performed in 384-well plates, and each plate included four randomly selected duplicates and 6 negative controls; double distilled water was used as the negative controls. The average concordance rate of the genotype was 99.5%.
Analysis of Gene-Gene Interaction.
In this study, the nonparametric multifactor dimensionality reduction (MDR; version 3.0.2) and generalized multifactor dimensionality reduction (GMDR; version 0.7) were used to test the potential interactions (one to six way combinations) among SNPs. The MDR was used to carry out the combination of cross-validation and permutation testing. The significance of permutation testing was determined using the GMDR. P value < 0.05 was considered significant.
Statistical Analysis.
All data were double inputted in the computer using Epidata 3.02 software. SNPStats (http:// bioinfo.iconcologia.net/snpstats/start.htm) and SPSS 21.0 (SPSS Inc., Chicago, IL, USA) were used to obtain odds ratios (ORs), 95% confidence intervals (CIs), and P values. The Hardy-Weinberg equilibrium of each SNP was used to test the deviation of genotype distribution using SNPStats. The SHEsis online platform was used to calculate the haplotype frequencies [24] . Multiple logistic regression models were applied in the analysis of the association of genotypes and HBV infection. 
Results
Patients Characteristics.
Baseline characteristics of the participants have been described in our previous study [25] . Briefly, this study included 274 HBsAg-positive children (case group) with a mean age of 6.16 years (SD 4.02) and 353 healthy children (control group) with a mean age of 2.53 years (SD 1.49). The characteristic of sex demonstrated significant differences between the two groups (male/female: 180/94 in case group, 182/171 in control group, P � 0.004).
A total of 172 children born to HBsAg-positive mothers thus had been administrated with HBIG within 24 h after birth and HB vaccine according to the program (at 0, 1, and 6 months) in our study. Of these children, 40 participants were infected with HBV (40/172, 23.25%) and defined as HBV breakthrough infection children.
Association between SNPs and HBV Infection Risk in
Children. The genotype distributions of five SNPs were all in the Hardy-Weinberg equilibrium in the controls. As represented in Table 2 , SNP rs2234711 in IFNGR1 was associated with HBV infection after adjusting for sex and age. The rs2234711 AG genotype was found as a protective factor for HBV infection in children (OR � 0.641, 95% CI: 0.450-0.913).
We conducted genetic model analyses among the 5 SNPs, and the results are shown in Table 3 . Four genetic models were applied in this study. In the dominant model, individuals carrying genotype GG at rs2234711 showed a decreased CHB risk with OR of 0.027 (95% CI � 0.491-0.957, P � 0.027). In the codominant model, the rs2234711 genotype GA was found to be significantly different between cases and controls (OR � 0.643, 95% CI � 0.452-0.914, P � 0.014). In the overdominant model, the genotype GA in rs2234711 was still found to be a protective factor for HBV infection in children (OR � 0.671, 95% CI � 0.485-0.928, P � 0.016).
Association between SNPs and Risk of HBV Breakthrough
Infection in Children Born to HBsAg (+) Mothers. We further studied the association between the 5 SNPs and HBV breakthrough infection in children who were born to HBsAg-positive mothers and had been vaccinated with HBIG and HB vaccine according to the standard procedure. As shown in Table 4 , without adjustment for covariants, the genotype AG at rs2234711 in IFNGR1 was identified to be significantly associated with breakthrough infection in children whose mothers were HBsAg positive (OR � 0.452, 95% CI: 0.205-0.998, P � 0.049). After adjusting for age and sex, it was found that there was a borderline association between rs2234711 genotype AG and HBV breakthrough infection in children, but it was not statistically significant (P � 0.060, OR � 0.464, 95% CI: 0.208-1.033).
Gene-Gene Interaction in IFN-c Signaling Pathway.
The results of GMDR model analysis for the entire casecontrol data are shown in Table 5 , which showed that the best model was the one-factor model, but there were no 
Haplotype
Analyses. The SHEsis online program was applied to calculate the degree of linkage disequilibrium of the two IFNGR1 SNPs and haplotype frequencies in this study. Pairwise LD analysis between the two SNPs was performed, and the D′ value between rs2234711 and rs3799488 was equal to 1.0 (r 2 � 0.262). According to the sequence of rs2234711-rs3799488, the AT, GC, and GT haplotypes, with the smallest haplotype frequency >0.03, were included in the study as common haplotypes. The results showed that there were no significant differences in haplotypes frequency distribution between cases and controls (P > 0.05), as listed in Table 6 .
Discussion
Chronic HBV infection remains a serious global health problem [26, 27] . It was reported that host genetic factors played an important role in the pathogenesis of HBV infection, and the polymorphisms of cytokine genes were strongly associated with the susceptibility to HBV infection in the general population [28, 29] .There is enough evidence that genetic variants of IFN-c signaling pathway genes play important roles in the HBV infection in adults [30] [31] [32] . But there is no study demonstrating the association between gene polymorphisms of IFN-c signaling pathway and HBV infection in children. In the present study, we evaluated whether the genetic variations in genes of IFN-c signaling pathway including IFNGR1 (rs3799488 and rs2234711), IFNGR2 (rs1059293), IL12B (rs3212227), and IFNG (rs1861494) could have an impact on the susceptibility to HBV infection in children. The result showed that only rs2234711 AG in IFNGR1 was significantly associated with HBV infection in children. IFNGR1 gene polymorphisms were correlated with a lot of diseases [33] [34] [35] . Zhou et al. demonstrated that IFNGR1-56C/T SNP affected the clinical outcome of HBV infection [30] . In another study, IFNGR-1 (− 56) was suggested as a candidate gene marker for determining susceptibility to the development of chronic hepatitis B [20] . Our study revealed that rs2234711 AG in IFNGR1 was significantly associated with HBV infection in children. Additionally, the result by genetic model analysis showed that variant rs2234711 (GA + AA/GG, GG/AG, and GG + AA/GA) was still significantly associated with HBV infection, suggesting that rs2234711 was strongly related to HBV infection in children. However, Cheong et al. demonstrated that there was no association between − 56C/T SNP and persistent HBV infection in Korean population [36] . This discrepancy may come from the differential genetic makeup in the two populations. More importantly, our subjects were children, whose immune system was not yet fully developed; thus, the different immune mechanisms to address hepatitis virus may be one of the reasons.
The location of SNP rs2234711 is at the 5′-UTR of IFNGR1, which indicates that this SNP is likely to be a causal variant involved in the regulation of the promoter activity. HaploReg data indicate that rs2234711 is located in a region with promoter histone marks in 24 tissues, DNase hypersensitivity site in 53 tissues, and alters 4 in silico transcription factor binding sites. It also highlights that rs2234711 is located in a gene regulatory hotspot. Genotype-Tissue Expression (GTEx) project database shows that rs2234711 genotype is significantly associated with IFNGR1 expression level in whole blood (P � 3.0 × 10 − 7 ). Therefore, the risk allele of rs2234711 is demonstrated to reduce promoter activity and cis-regulate IFNGR1 expression. In the IFN-c signaling pathway, IFN-c binds to the transmembrane molecular IFNGR1 [37] . On ligand binding, phosphorylation of STAT1 is activated. Acting as a transcriptional activator, phosphorylated STAT1 induces downstream immunomodulatory gene expression including IL-12 [35] . Numerous studies have indicated that STAT1 and IL-12 play a key role in mediating defensive mechanism against HBV [38] [39] [40] . An experimental research also indicated that IFN-c receptor gene defect was conducive to HBV infection [41] . As stated above, rs2234711 is shown to be the causal variant of HBV infection depending on the IFN-c signaling pathway. On the basis of unconditional logistic regression analysis with adjustment for age and sex, no statistically significant association with susceptibility to HBV infection and breakthrough infection in children was observed with other 4 SNPs (rs3799488 in IFNGR1, rs1059293 in IFNGR2, rs3212227 in IL12B, and rs1861494 in IFNG). However, a significant association between polymorphisms in rs3799488, rs1059293, and rs3212227 and the risk of chronic HBV infection was confirmed by He et al. [31] . This discrepancy may also be attributed to the difference in samples involved in the two studies. IFN-c (IFNG) plays a crucial role in the immune system and seems to be involved in the clearance of HBV infection [17] . A previous study demonstrated that polymorphisms in IFNG affected the IFN-c expression level, which contributed to different clinical outcomes of HBV infection [42] . Another meta-analysis showed that IFN-c rs2430561T>A was an important factor that promoted the pathogenesis of HBV infection [43] . Although the variant rs1861494 in IFN-c had been reported to be associated with many other disease [44] , only one research involving subjects of Chinese ethnic minority suggested that genotype CC at rs1861494 conferred an increased risk for HBV susceptibility in both Dai and Hani minorities [45] . In our study, there was no significant association between rs1861494 genotype and HBV infection in children, which was consistent with He et al.'s research.
In China, the administration of HBIG and HB vaccine to infants who are born to HBsAg-positive mothers has been the most effective preventive measure against vertical transmission of HBV [46, 47] . However, the breakthrough infections in children do occur [48] . Previous studies have suggested that host genetic variants were responsible for the failure of immunoprophylaxis [49] . Moreover, our previous study demonstrated that rs3917267 genotype AA in IL1R1 gene was a risk factor for HBV breakthrough infection in children [25] . In the present study, we further explored the association between the SNPs in genes of IFN-c signaling pathway and HBV breakthrough infection. The result indicated that, without adjustment for age and sex, only the rs2234711 genotype AG showed a borderline association with HBV breakthrough infection (OR � 0.452, 95% CI � 0.205-0.998, P � 0.049), but none of these SNPs was significantly associated with HBV breakthrough infection in children after adjusting for age and sex.
Some limitations should be considered in the present study. Firstly, the sample size was relatively small, which would cause the limited power for statistical analysis. Larger studies, especially through multicenter collaboration, will be needed to fully validate the significance of these findings. Secondly, the information on HBV DNA genotypes and virus load of both children and mothers was lacking. There are more than one HBV genotype distributed worldwide, and the main HBV categories in China are genotype B and genotype C, which might also affect the susceptibility to HBV infection. Thirdly, some baseline characteristics such as feeding pattern and delivery mode were lacking, which limited the performance of confirming the transmission route that actually caused infection. Therefore, the next step is to expand the sample size and complete the basic information of the subjects to test and verify the findings of this study.
Conclusion
The 5 genetic variants (rs3799488, rs2234711, rs1059293, rs3212227, and rs1861494) in IFN-c signaling pathway genes (including IFNGR1, IFNGR2, IL12B, and IFNG) were investigated in this study. Only rs2234711 in IFNGR1 has significant associations with HBV infection and breakthrough in children. However, the role of IFN-c signaling pathway gene polymorphisms in HBV breakthrough infection needs further investigation based on a large population and more genes or SNPs in this pathway, and further study in functional significance is also required.
